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WNTThe developing central nervous system (CNS) is vascularised through the angiogenic invasion of blood vessels
from a perineural vascular plexus, followed by continued sprouting and remodelling until a hierarchical vascular
network is formed. Remarkably, vascularisation occurs without perturbing the intricate architecture of the neu-
rogenic niches or the emerging neural networks.We discuss themouse hindbrain, forebrain and retina as widely
usedmodels to study developmental angiogenesis in the mammalian CNS and provide an overview of key cellu-
lar and molecular mechanisms regulating the vascularisation of these organs.
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The vertebrate central nervous system (CNS) is comprised of the
brain, spinal cord and retina. These organs are vascularised early in
their formation to ensure adequate delivery of oxygen and nutrients
to neural progenitors, newly born neurons and their associated glia
(Fig. 1A,B). Vascularisation of the spinal cord and brain is initiatedberg@ucl.ac.uk (C. Ruhrberg).
land Ltd. This is an open access articlprior to birth through the angiogenic sprouting from vessel networks
outside the CNS, in particular, the perineural vascular plexus (PNVP)
(reviewed by Ruhrberg and Bautch, 2013). Within the brain, the blood
vessels then expand into vast networks as the neural tissue grows and
concomitantly remodel into a vascular tree with arterial and venous hi-
erarchy. Ultimately, the vascular plexus in the adult brain receives blood
from two bilateral sets of sources: the two internal carotid arteries and
the two vertebral arteries. The internal carotid arteries then branch to
form the paired anterior, middle and posterior cerebral arteries that
supply the cerebrum. The two vertebral arteries join at the level of thee under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Schematic representation of CNS vascularisation. (A,B) Time course of blood vessel growth in the mouse embryo hindbrain (A) and postnatal retina (B). Neural progenitors are
shown in orange, the non-remodelled vascular plexus in red, arteries in dark red and veins in blue; ﬁbronectin-expressing astrocyte networks are shown in green. (C) Mechanisms
of blood vessel growth in the CNS. Hypoxic neuroglial cells (orange) secrete angiogenic factors and extracellular matrix (ECM), indicated by a grey background gradient and as green
strands, respectively. During angiogenesis, endothelial cells (red) undergo tip cell/stalk cell specialisation; tip cell convergence for vascular circuit formation is assisted by yolk sac-derived
CNS tissuemacrophages, also calledmicroglia (blue). Arrows indicate the direction of tip cell migration. PNVP, perineural vascular plexus; SVP, subventricular vascular plexus; a, artery; v,
vein.
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artery, from which the pontine, cerebellar arteries and posterior cere-
bral arteries arise to supply the cerebellum and the brain stem. At the
level of the posterior cerebral arteries, the basilar artery connects to
the circulation from the internal carotids to form an arterial ring at the
base of the brain called the circle of Willis, which provides a backup
circulation to the brain if one of the major supply arteries becomes
occluded.
Maturing CNS endothelial cells establish a blood–brain barrier (BBB)
to protect the neural tissue from variations in blood composition, to ex-
clude toxins and tomaintain ionic homeostasis (reviewed in Engelhardt
and Liebner, 2014). To form this barrier, the endothelial cells develop
continuous tight junctions that prevent the paracellular movement of
molecules from the blood into the neural parenchyme. Additionally, en-
dothelial cells interact with pericytes embedded in the basal membrane
and with the end feet of astrocytes, which control blood ﬂow, provide
metabolic support and regulate water homeostasis of the brain. The
BBB is present throughout the CNS vasculature, with the notable excep-
tion of blood vessels in the proximity of the ventricular system or in the
choroid plexus, which instead have fenestrae and discontinuous tight
junctions to allow exchange ofmolecules involved in the hormonal con-
trol and cerebrospinal ﬂuid production, respectively.
Whereas the brain is vascularised by progressive branching of ves-
sels from the PNVP that ingresses into the brain, the retina is initially
supplied by two different vascular systems, both external to the retina:
the choriocapillaris that supplies the outer retina and the hyaloid arteri-
al vasculature that supplies the inner retina and lens (reviewed by
Saint-Geniez and D'Amore, 2004). Whilst the choriocapillaris persists
into adulthood, the hyaloid vasculature degenerates in most mammali-
an species, including mice and humans, concomitantly with the
formation of a complex intraretinal vasculature late in development
(De Schaepdrijver et al., 1989). The retinal vasculature is composed of
a stereotypical arrangement of arteries and veins with intervening cap-
illary beds and a tiered system of vessel beds that supplies the different
layers of the neural retina. The intraretinal vessels establish a blood–ret-
ina barrier (BRB) that fulﬁls an analogous function to the BBB and is sim-
ilarly composed of endothelium with tight junctions that contacts
pericytes and astrocyte endfeet. In contrast, the choriocapillaris is a fen-
estrated endothelium and is also characterised by high blood ﬂow to fa-
cilitate the efﬁcient exchange of gases, nutrients and catabolites, as it
needs to meet the high metabolic demand of the photoreceptors in the
outer retina. The choriocapillaris is separated from the neural retina by
a layer of retinal pigment epithelium (RPE) and by Bruch's membrane,which is comprised of basement membrane secreted from both
the choriocapillaris and the RPE. The tight junctions between RPE cells
provide a barrier between the retina and the relatively leaky
choriocapillaris.
In the following sections, we will discuss two popular mammalian
models to study the cellular mechanisms of CNS vascularisation, the
mouse embryo hindbrain and perinatal mouse retina. These models
are particularly useful, because the planar orientation of sprouting
blood vessels and the proximity of the emerging vessel plexus to the
tissue surface allow excellent visualisation of vessel growth after
immunolabelling of vascular cells (e.g. Fantin et al., 2013; Pitulescu
et al., 2010). Accordingly, these models have contributed vastly to our
understanding of blood vessel growth in the CNS. Indeed, the observa-
tion that growing blood vessel sprouts are organised into tip and stalk
cells with different functional speciﬁcation (see below) was ﬁrst de-
scribed in the hindbrain and retina of the mouse (Gerhardt et al.,
2003; Ruhrberg et al., 2002). We will additionally discuss the mouse
embryo andpostnatal forebrain as amodel to study CNS vascularisation.
We will then focus on several key molecular pathways that are critical
for CNS vascularisation and the cross-talk between the vascular andner-
vous systems.
2. Models to study vascularisation in the CNS
2.1. The mouse hindbrain as a model to study CNS vascularisation
The vascularisation of the mouse hindbrain is initiated around em-
bryonic day (E) 9.5, when vascular sprouts begin to emerge from the
PNVP and grow in a radial fashion towards the ventricular zone,
where neural progenitors are thought to release vascular growth factors
(Fig. 1A,C) (e.g. Fantin et al., 2010). From around E10.25, these radial
vessels begin to sprout at near right angles and extend parallel to the
hindbrain surface. The subventricular vascular plexus (SVP) is formed
when sprouts from neighbouring radial vessels begin to anastomose
(Fig. 1A) (Fantin et al., 2010, 2013; Ruhrberg et al., 2002). This network-
ing process is promoted by yolk sac-derived tissue macrophages, the
precursors of microglia; these cells interact with endothelial tip cells
and thereby act as cellular chaperones to bridge neighbouring vessel
sprouts during fusion (Fig. 1C) (Fantin et al., 2010; Schmidt and
Carmeliet, 2010). As endothelial cells assemble into sprouts, they also
interact with pericytes, which invest the sprouts almost as soon as
they are formed and provide structural support as well as instructive
cues to the endothelial cells (Gerhardt and Betsholtz, 2003). By E12.5,
28 M. Tata et al. / Mechanisms of Development 138 (2015) 26–36the SVP has formed an extensive vascular network, and sprouting and
fusion moves to deeper brain layers (Fantin et al., 2010; Ruhrberg
et al., 2002).
The hindbrain model has several key advantages to study sprouting
angiogenesis (Fantin et al., 2013). Most notably, this model enables the
analysis of blood vessel growth within a relatively simple multicellular
microenvironment, in which endothelial cells interact with relatively
few non-endothelial cell types. Thus, the angiogenic hindbrain contains,
in addition to vascular cells, the neural progenitors that attract blood
vessels and a few differentiating neurons as well as microglia precur-
sors, but not the complex sets of glia and terminally differentiated neu-
rons that can be found in the angiogenic retina. In addition, the
hindbrain model permits the spatiotemporal analysis of angiogenesis
in mouse strains carrying genetic mutations that compromise viability
after midgestation and, when combined with inducible Cre–LoxP tech-
nology, can even be extended to the study of genes whose constitutive
loss causes pre-midgestation lethality. Finally, and typically of mouse
models, robust methods for wholemount labelling of endothelial cells
and interacting cell types are available and can be combined with
high-resolution imaging for reliable quantitation of angiogenic
sprouting, network density and vessel calibre.
An emerging model of CNS vascularisation is the zebraﬁsh hind-
brain, which is particularly amenable to longitudinal live imaging with
ﬂuorescent genetic reporters (Bussmann et al., 2011; Ulrich et al.,
2011; Umans and Taylor, 2012). Using this model, it was shown that
vessels preferentially enter the hindbrain at rhombomere boundaries
(Ulrich et al., 2011). In this context, it is interesting that rhombomere
boundaries in the chick have been described as extracellular spaces
rich in growth factor-binding proteoglycans (Heyman et al., 1995,
1993). As the hindbrain is the oldest part of the brain, its vascularisation
mechanismmay be particularly well conserved amongst vertebrates. In
support of this idea, we recently identiﬁed preferential vascularisation
of rhombomere boundaries also in the mouse (Fantin et al., 2015).
2.2. The mouse forebrain as a model to study CNS vascularisation
For mouse embryo forebrain vascularisation, blood vessels begin to
sprout at E9.5 from the PNVP at the level of the presumptive ganglionic
eminence into the ventrolateral brain. Vascularisation of the forebrain
then progresses in a ventrolateral to dorsomedial direction across the en-
tire rostrocaudal axis. By E10, an SVP has formed in the ventral portion of
the forebrain, whilst the dorsal part is still largely avascular. This peculiar-
ity was recently explained by the observation that the vasculature in the
dorsal forebrain does not sprout from thedorsal PNVP, but insteadderives
from the SVP of the ventral compartment (Vasudevan et al., 2008). Thus,
explant experiments showed that the dorsal region is progressively
vascularised over a period of 24 h, but onlywhen the ventral portion is in-
cluded in the explants. By E11, an SVP has formed in both the ventral and
dorsal areas and reaches the dorsal medial wall of the forebrain
(Vasudevan et al., 2008).
Recently, angiogenesis has been successfully studied also in the
postnatal forebrain oneweek after birth, when angiogenesis is associat-
ed with brain growth. In this system, the distinct angiogenic steps of tip
cell selection, vascular sprout migration and lumen formation, as previ-
ously studied extensively in the embryonic brain and postnatal retina,
could be readily detected and quantiﬁed (Walchli et al., 2015).
2.3. The mouse retina as a model to study CNS vascularisation
Anatomically, the retina lies outside the brain, but it originates as an
outgrowth of the developing forebrain and is therefore considered part
of the CNS. Being themost accessible part of the CNS, it has become apop-
ular model for studies of both physiological and pathological angiogene-
sis. Whilst the human retinal vasculature develops before birth, the
mouse retinal vasculature develops postnatally and therefore offers
unique advantage to experimental manipulation (e.g. Fruttiger, 2007;Pitulescu et al., 2010). The position of the optic nerve head in the centre
of the eyecup lead to radial symmetry of this vascular plexus in mice,
whilst the asymmetric position of the optic nerve head and the avascular
macula result in an asymmetrically branched vasculature in humans.
Retinal vascularisation in themouse begins on the day of birth,when
vessel sprouts emerge from the optic nerve head and spread radially
over the retina, guided by a template of ﬁbronectin (FN)-expressing as-
trocytes (Fig. 1B) (Fruttiger et al., 1996; Ling and Stone, 1988; West
et al., 2005). During this process of radial expansion, the primary plexus
also undergoes arteriovenous differentiation (Fig. 1B) (reviewed by
Fruttiger, 2007). The setting of concurrent angiogenesis and arteriove-
nous differentiation also distinguishes the retina from the hindbrain
model of CNS vascularisation. Approximately 1 week after birth, the ra-
dially expanding primary, superﬁcial vascular plexus has reached the
retinal periphery. At that time, new vessel sprouts emerge from this
plexus to dive into the outer retinal layers at near right angles to form
ﬁrst the deep plexus and then the intermediate plexus (reviewed by
Fruttiger, 2007). Whilst it is well established that neural progenitor
cells, retinal ganglion cells and astrocytes play pivotal roles in regulating
the extension of the primary plexus (Fruttiger et al., 1996; Haigh et al.,
2003; Okabe et al., 2014; Sapieha et al., 2008), the cell types that enable
vessel sprouting into the deeper retinal layers are still poorly deﬁned.
Similar to the hindbrain, vascular anastomosis of blood vessels is
promoted by macrophages, also called microglia, in the mouse retina
(Fig. 1C) (Fantin et al., 2010; Kubota et al., 2009; Rymo et al., 2011;
Tammela et al., 2011). This function of retinal macrophages, also called
microglia, can be observed in the primary vascular plexus of Csf1op/op
mutants with defective macrophage recruitment. In these mutants,
the primary plexus undergoes radial expansion, but has reduced vascu-
lar network complexity compared to wild type littermates (Kubota
et al., 2009; Rymo et al., 2011). However, the essential role of retinal
macrophages in early vascularisation of the retina is no longer recogniz-
able 3 weeks after birth, when Csf1op/op mutants and their wild type lit-
termates appear to have similar vascular density (Kubota et al., 2009).
This may be explained by reduced pruning of vessel segments at later
developmental stages, as this would compensate for the initial decrease
in vascular network complexity in macrophage deﬁcient-mice (Fantin
et al., 2010). Still, it is not yet resolved whether this compensatory re-
duction in remodelling is an endothelial-intrinsic physiological adapta-
tion, and/or involves reduced macrophage-mediated vascular
remodelling, in analogy to themacrophage-driven remodelling mecha-
nism described for the hyaloid vasculature (Lang and Bishop, 1993;
Lobov et al., 2005).
The retina is a suitablemodel to study the spatiotemporal progression
of organ vascularisation in mouse strains with genetic mutations that are
viable or live through the perinatal period until weaning. In addition, as
for the hindbrainmodel, inducibleCre–LoxP technology canbeused to en-
able the analysis of retinal angiogenesis inmicewithmutations that cause
embryonic or early perinatal lethality when present constitutively. Also
similar to the hindbrain, the analysis of mouse retinal angiogenesis bene-
ﬁts from robust methods for wholemount labelling of endothelial cells
and interacting cell types that can be combined with high-resolution im-
aging. However, it is less suitable to quantify network density and vessel
calibre than the hindbrain due to temporal overlap in sprouting and vas-
cular remodelling during retinal angiogenesis. Yet, this feature allows vi-
sualisation of vessel pruning and arteriovenous differentiation. The
retina is also a particularlywell-suitedmodel to study vascular pathology,
in particular with the oxygen-induced retinopathy (OIR) model, which
recapitulates hallmarks of neovascularisation in the human conditions
retinopathy of prematurity and proliferative diabetic retinopathy
(Connor et al., 2009; Smith et al., 1994).
3. Cellular behaviours and interactions in CNS vascularisation
Like elsewhere in the body, blood vessels in the CNS are comprised
of endothelial cells that are invested with mural cells. Although
29M. Tata et al. / Mechanisms of Development 138 (2015) 26–36common to other vascular beds, some of the underlying principles that
govern cellular interactions of endothelial cells amongst each other and
with mural cells were ﬁrst elucidated using the retina and hindbrain
models, such as the tip cell–stalk cell paradigm (reviewed in Geudens
and Gerhardt, 2011).
Endothelial tip cells respond to signals by initiating migration,
whilst endothelial stalk cells follow behind the tip cell and respond
to signals with proliferation and lumen formation to form the main
body of new vascular sprouts. Initial experiments linked tip cell
and stalk cell behaviour to signalling by the vascular endothelial
growth factor VEGF-A, referred to as VEGF in the remainder of this
review; thus, neuroepithelial cells in the developing brain and astro-
cytes and neurons in the retina secrete VEGF to induce angiogenic
sprouting (Figs. 1,2) (Gerhardt et al., 2003; Ruhrberg et al., 2002).
Subsequent studies showed that VEGF interacts with the notch path-
way to regulate tip cell versus stalk cell number during sprouting
angiogenesis (Hellstrom et al., 2007; Leslie et al., 2007; Suchting
et al., 2007). Studies of chimeric embryoid bodies and developing
retinal vessels further suggested that tip cells and stalk cells do not
remain ﬁxed, but switch phenotypes over time (Jakobsson et al.,
2010). Accordingly, the tip and stalk cell phenotypes are plastic
states of functional specialisation.
Consistent with a key role for VEGF in tip cell induction in the ret-
ina and hindbrain in vivo, high levels of VEGF receptor 2 (VEGFR2)
and low levels of VEGFR1 in tip cells relative to neighbouring stalk
cells promote tip cell-mediated vessel sprouting in chimeric embry-
oid bodies (Jakobsson et al., 2010). Recent work identiﬁed additional
regulators of vessel sprouting and tip cell behaviour, such as bone
morphogenetic protein (BMP) signalling (Larrivee et al., 2012;
Moya et al., 2012; Wiley et al., 2011) and semaphorin 3E (SEMA3E)
signalling through plexin D1 (PLXND1; discussed in more detail
below) (Kim et al., 2012). Several other tip cell markers have also
been identiﬁed via expression analysis, and their function in CNS
angiogenesis is presently being characterised (Del Toro et al., 2010;
Strasser et al., 2010).Fig. 2. Schematic illustration of the interaction between neuroglial cells, microglia and endothe
factors, their transmembrane receptors and intracellularmediators known to play fundamental
ligands and receptors in CNS angiogenesis.In addition to the general principles of angiogenesis described
above, specialised cellular interactions between endothelial and non-
endothelial CNS cells create a unique structure called the neurovascular
unit. In this structure, endothelial cells form ﬁrm junctions with each
other and interact with other cell types, such as pericytes, astrocytes
andmicroglia, to create the BBB; this barriermaintains CNS homeostasis
and is also thought to regulate CNS blood ﬂow and synaptic activity
(Hall et al., 2014; Lok et al., 2007; McCarty, 2009a). Two genetic studies
in mice showed that loss of pericytes in the CNS elevates endothelial
transcytosis (Armulik et al., 2010; Daneman et al., 2010). Accordingly,
pericyte–endothelial interactions are necessary to maintain BBB func-
tion by preventing molecule exchange across the endothelium,
complementing the barrier role of tight inter-endothelial cell junctions.
The molecular cross-talk amongst the cell types of the neurovascular
unit is only partially characterised, but is regulated by transforming
growth factor beta (TGFb), platelet-derived growth factor (PDGF),
BMP, integrins and their ligands; accordingly, disruption of these signal-
ling pathways perturbs the BBB (e.g. Allinson et al., 2012; Armulik et al.,
2010; Arnold et al., 2012; Daneman et al., 2010; Hirota et al., 2011; Li
et al., 2011). Various transporters complement the selectivity of the
neurovascular unit. For example, a hallmark of CNS vessels is the ex-
pression of the glucose transporter GLUT1. Mutations in the GLUT1
gene cause a rare autosomal dominant disorder termedGLUT1 deﬁcien-
cy syndrome, which is characterised by a low cerebrospinal ﬂuid glu-
cose concentration, due to reduced transport across the BBB (Seidner
et al., 1998). Various other transporter proteins ensure efﬁcient efﬂux
of toxic products from the brain into the blood. For instance, the ATP-
dependent transporter encoded by the multi-drug resistance gene
MDR1 is a P-glycoprotein with broad substrate speciﬁcity that modu-
lates the pharmacological activity of different drugs in the brain
(Schinkel, 1997). Other P-glycoproteins such as ABCG2 also promote
drug efﬂux (Terasaki and Ohtsuki, 2005). The physiological roles of
these proteins in the brain vasculature are poorly characterised, but
may include protection against natural toxins as well as hormone and
lipid transport (Schinkel, 1997).lial cells during CNS vascularisation. Below each cell type, we show examples of secreted
roles in neurovascular interactions. The grey box illustrates the relationship of VEGF family
30 M. Tata et al. / Mechanisms of Development 138 (2015) 26–364. Key signals regulating CNS angiogenesis
Chick, ﬁsh and particularly genetic mouse studies have identiﬁed
a large number of signalling molecules that mostly operate in intercon-
nected regulatory networks to modulate CNS angiogenesis (Fig. 2).
Below, we review some of the best-studied pathways, with a focus on
ﬁndings obtained through mouse models.4.1. VEGF and hypoxia inducible factors (HIFs)
Several neural cell types produce VEGF, and neuroglial VEGF is re-
quired for the ingression of blood vessels into the developing neural
tube and retinal vascularisation across different vertebrate species
(Fig. 2; e.g. Bussmann et al., 2011; Haigh et al., 2003; James et al.,
2009; Provis et al., 1997; Raab et al., 2004; Stone et al., 1995). VEGF is
differentially spliced to produce isoforms with a differential afﬁnity for
the surrounding extracellular matrix (ECM) (Park et al., 1993), and
their bioavailability is further regulated by proteolytic mechanisms
(Houck et al., 1992; Lee et al., 2005). The human isoforms are termed
VEGF121, VEGF165 and VEGF189, reﬂecting the number of amino acid
residues in the mature protein. Amongst these isoforms, VEGF121 is
the most diffusible, VEGF189 binds the matrix most avidly and
VEGF165 has intermediate properties. Cleavage of the VEGF189 isoform
by matrix metalloproteases leads to the generation of VEGF113, which
is released from the matrix. The corresponding mouse isoforms are
one amino acid residue shorter and therefore termed VEGF112,
VEGF120, VEGF164 andVEGF188, respectively. The isoformsdiffer addi-
tionally in their ability to interact with co-receptors (see below).
Genetic manipulations that force the expression of only a single
VEGF isoform at the expense of the other isoformsdo not prevent the in-
gression of vessels into theneural tissue, but affect vessel patterning and
morphogenesis within the CNS. Accordingly, hindbrain and retinal ves-
sels in Vegfa120/120 mice expressing only the VEGF120 isoform have a
larger calibre and branch infrequently, whilst vessels in Vegfa188/188
mice expressing only VEGF188 are thin and over-branched (Carmeliet
and Tessier-Lavigne, 2005; Ruhrberg et al., 2002; Stalmans et al.,
2002). In the quail, the localized over-expression of the matrix-
binding VEGF165 or VEGF189 in the neural tube also leads to ectopic
vessel ingression at the site of over-expression, whilst the more diffus-
ible VEGF121 does not have this effect; moreover, local VEGF blockade
prevents vascular ingression (James et al., 2009).
In the neonatalmouse retina, a collection of the three VEGF isoforms
is produced and displayed by an astrocytic network that is located be-
neath the expanding vascular plexus, and also by retinal ganglion cells
and neural cells in the inner nuclear layer (Scott et al., 2010; Stenzel
et al., 2011; West et al., 2005). Even though astrocytes were initially
thought to provide themain source of VEGF for the developing primary
plexus, the ablation of astrocyte-derived VEGF onlymildly decreases en-
dothelial cell proliferation and survival as well as vascular spreading
(Scott et al., 2010; Weidemann et al., 2010). The heterozygous deletion
of VEGF from the neuroretina also perturbs the formation of the super-
ﬁcial plexus very mildly, in this case by slightly delaying vascular re-
modelling and increasing artery/vein crossings (Haigh et al., 2003;
Okabe et al., 2014). In contrast, deleting one Vegfa allele from the
neuroretina strongly delays the vascularisation of the outer layers of
the retina (Haigh et al., 2003; Raab et al., 2004). The homozygous dele-
tion of VEGF from the neural compartments caused early embryonic
lethality, precluding the study of retinal vascularisation (Haigh et al.,
2003).
In addition to receiving paracrine VEGF signals for angiogenesis, en-
dothelial cells themselves are an important source of VEGF to promote
long-term vascular homeostasis (Choi et al., 2007). VEGF expression in
retinal endothelial cells is induced by the transmembrane protein
cysteine-richmotor neuron 1 (CRIM1) tomaintain blood vessel stability
(Fig. 2) (Fan et al., 2014). Endothelium-derived VEGF has alsobeen shown to enable the development of the correct neuronal
cytoarchitecture in the brain cortex (Li et al., 2013).
In agreementwith the ﬁnding that astrocytic VEGF is dispensable for
retinal angiogenesis, the astrocyte-speciﬁc deletion of the hypoxia-
inducible transcription factors HIF1A and HIF2A, known regulators of
Vegfa transcription, also does not perturb normal retinal vascular devel-
opment (Scott et al., 2010;Weidemannet al., 2010). Instead, HIF2A con-
trols the expression of VEGF in astrocytes and Mueller cells to promote
vessel survival and neovascularization in the OIR mouse model
(Weidemann et al., 2010) and in the hypoxic retina with defective
norrin signalling (see below) (Rattner et al., 2014). Even though astro-
cytic HIF1A is not required for normal retinal angiogenesis, HIF1A is
also expressed abundantly in the neuroretina, especially retinal progen-
itor cells (RPCs), and the deletion of HIF1A from the neuroretina severe-
ly perturbs retinal angiogenesis (Fig. 2) (Caprara et al., 2011;
Nakamura-Ishizu et al., 2012). In these cells, HIF1A does not regulate
VEGF expression; instead, it induces the expression of the astrocyte mi-
togen PDGF-A to promote the formation of the astrocyte template that
then promotes retinal vascularisation (Nakamura-Ishizu et al., 2012).
4.2. VEGF tyrosine kinase receptors
VEGF binds three tyrosine kinase receptors that are all important for
angiogenesis: VEGFR1 (FLT1), VEGFR2 (FLK1, KDR) and VEGFR3 (FLT4)
(Fig. 2). VEGFR2 is the main signal transducing VEGF receptor in endo-
thelial cells in vitro and essential for endothelial cell survival and
blood vessel formation in vivo; accordingly, loss of VEGFR2 causes em-
bryonic lethality at E9.5 in the mouse (reviewed in Koch et al., 2011).
Due to their early embryonic lethality, VEGFR2 knockout mice are not
suitable to study the speciﬁc roles of VEGFR2 signalling in CNS vascular
development. However, use of a function-blocking antibody and, more
recently, the selective ablation of VEGFR2 in endothelial cells, revealed
that VEGFR2 is essential for tip cell formation and vascular outgrowth
in the retina (Benedito et al., 2012; Gerhardt et al., 2003; Okabe et al.,
2014; Zarkada et al., 2015). Moreover, Okabe and colleagues recently
showed that retinal neurons express high levels of VEGFR2 to sequester
and titrate VEGF in the retina to limit angiogenesis in the outer retinal
layers, consequently restricting angiogenesis to the inner retinal layer
during primary plexus formation (Okabe et al., 2014).
VEGFR3, best known as a VEGF-C receptor in lymphangiogenesis, is
highly expressed in angiogenic sprouts (Fig. 2), and the genetic
targeting of VEGFR3 is embryonic lethal (E10.5) due to severe cardio-
vascular defects (Dumont et al., 1998). Still, VEGFR3 function in angio-
genesis is not completely understood, which is in part attributable to
its involvement in several different modulatory processes. Function-
blocking antibodies decreased sprouting, vascular density, vessel
branching and endothelial cell proliferation in the mouse retina
(Tammela et al., 2008), similar to the heterozygous deletion of its ligand
VEGF-C (Tammela et al., 2011). However, the genetic deletion of
VEGFR3 in endothelial cells led to excessive angiogenic sprouting and
branching in both the mouse embryonic hindbrain and postnatal retina
(Tammela et al., 2011). Accordingly, it has been proposed that VEGFR3
on the one hand positively regulates angiogenesis induced by VEGF-C,
whilst on the other hand it inhibits excessive angiogenesis by reinforc-
ing notch signalling in response tomacrophage-derived VEGF-C, to pro-
mote the fusion and stabilisation of vascular sprouts (Fig. 2) (Tammela
et al., 2011). Endothelial VEGFR2 is also thought to be a criticalmediator
of VEGF-induced DLL4-notch signalling in sprouting retinal vasculature
(Jakobsson et al., 2010). Surprisingly, VEGFR3was found to compensate
for endothelial VEGFR2 in maintaining DLL4-notch signalling in the ret-
inal vasculature (Benedito et al., 2012), although this ﬁnding was re-
cently contested (Zarkada et al., 2015).
The role of VEGFR1 in angiogenesis is complex, with multiple roles
due to the presence of alternative splicing of the Vegfr1 gene into a
short secreted form termed soluble VEGFR1 (sVEGFR1 or sFLT1) and a
long transmembrane form with a tyrosine kinase domain (Fig. 2)
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splice forms die due to abnormal vascular development caused by ex-
cessive endothelial cell differentiation (Fong et al., 1995), mice lacking
only the intracellular kinase domain appear healthy (Hiratsuka et al.,
1998). These observations are generally thought to indicate an impor-
tant role for sVEGFR1 in modulating VEGF availability to VEGFR2. In
agreement, sVEGFR1 is a negative modulator of vascular sprout forma-
tion and branching morphogenesis in an embryoid body model of an-
giogenesis and during intersomitic vessel sprouting from the dorsal
aorta (Kearney et al., 2004). Moreover, the ubiquitous deletion of
Vegfr1 in postnatal mice increased VEGFR2 accumulation and signalling
and therefore enhanced angiogenesis in a broad range of neonatal and
adult tissues, including the retina and brain (Hoet al., 2012). In addition,
a recent report suggests that retinalmyeloid cells suppress angiogenesis
in the outer retina by releasing sVEGFR1 (Fig. 2) (Stefater et al., 2011).
Even though the soluble VEGFR1 isoform inhibits angiogenesis by
sequestering VEGF, an in vitro study suggested that full length VEGFR1
containing the intracellular kinase domain promotes VEGFR1/VEGFR2
heterodimerisation andVEGFR2 transphosphorylationwhen endotheli-
al cells are co-stimulated with both placental growth factor (PGF) and
VEGF (Autiero et al., 2003). A role for VEGFR1 signalling in endothelial
cells also agrees with the observation that mice genetically engineered
to express only sVEGFR1 at the expense of the transmembrane isoform
have reduced VEGFR2 signalling, fewer endothelial cells and thinner
vessels (Hiratsuka et al., 2005). Taken together, the ﬁndings on
VEGFR1 signalling raise the possibility that vascular phenotypes in full
VEGFR1 knockouts reﬂect the net outcome of losing a strongly anti-
angiogenic function carried by sVEGFR1 and a modestly proangiogenic
function of the full length isoform.4.3. Neuropilins (NRPs), neuropilin-binding VEGF isoforms
and semaphorins
NRP1 is a non-catalytic transmembrane protein shown to be essen-
tial for the vascularisation of the mouse spinal cord (Kawasaki et al.,
1999), hindbrain (Gerhardt et al., 2004), forebrain (Gu et al., 2003)
and retina (Fantin et al., 2014; Gelfand et al., 2014; Raimondi et al.,
2014; Fantin et al., 2015; Aspalter et al., 2015), as well as pathological
retina vascularisation in the OIR model (Raimondi et al., 2014; Rattner
et al., 2014). In contrast, the perisomitic regions, located outside the
CNS, are vascularised well in the absence of NRP1 and the vessels in
these regions have only minor morphological defects (Ruhrberg et al.,
2002). It is not yet known why NRP1 is indispensable for CNS vascular-
isation, but is less important for some other vessel beds.
Initially, NRP1 was initially studied in the nervous system as an ad-
hesion molecule and a receptor for a member of the class 3 semaphorin
family, termed SEMA3A, and later discovered to also act as a VEGF165
receptor (reviewed in Schwarz and Ruhrberg, 2010). Both types of li-
gands have been implicated as modulators of endothelial cell behaviour
through NRP1 binding in vitro and in vivo (see below). VEGF121 can
also bind NRP1 in vitro, although with 50-fold lower afﬁnity than
VEGF165, because it lacks an exon 7-encoded domain that enhances
NRP1 binding (Parker et al., 2012). In agreementwith these biochemical
data, we recently used the hindbrainmodel to show that VEGF121 is not
able to bind NRP1 at detectable levels in vivo (Tillo et al., 2015). More-
over, VEGF121 cannot signal through NRP1 to compensate for loss of
the larger VEGF isoforms, as shown for different types of neurons lack-
ing VEGFR1 or VEGFR2 (Cariboni et al., 2011; Erskine et al., 2011).
Whilst these observations in neural systems suggest that VEGF121 is
also unlikely to signal through NRP1 during vascular patterning
in vivo, it has been difﬁcult to demonstrate this directly due to the pres-
ence of VEGFR1 andVEGFR2 in endothelial cells. In addition toVEGF165,
VEGF189 can also bind to and signal through NRP1 in vivo; however,
this has so far only been shown in neurons of VEGF164-deﬁcient mice
(Tillo et al., 2015).The analysis of mouse knockouts lacking SEMA3A revealed that this
NRP1 ligand is dispensable for brain vascularisation and blood vessel
formation elsewhere in the developing mouse (Bouvree et al., 2012;
Vieira et al., 2007). In agreement, inactivation of semaphorin binding
to NRP1 does not affect brain angiogenesis or vascular development in
the early mouse embryo, even if the related neuropilin NRP2 is also ab-
lated (Gu et al., 2005; Vieira et al., 2007). Yet, in a mouse model of
oxygen-induced retinopathy, in which retinal vessels grow abnormally
into the vitreous, SEMA3A secreted by ischemic neurons (Fig. 2) acts as
a vasorepulsive force that misdirects new vessels towards the vitreous
(Joyal et al., 2011). Accordingly, SEMA3A administration into the vitre-
ous normalises VEGF-induced pathological vessel growth in mice (Yu
et al., 2013).
Interestingly, the related molecule SEMA3F has also been described
to possess vasorepulsive activity during physiological angiogenesis in
the retina (Buehler et al., 2013). Whilst SEMA3A expression was exclu-
sively seen in the inner retina, SEMA3F expression was observed pre-
dominantly in the outer retina (Fig. 2) and in the RPE, where it
inhibited sprouting angiogenesis of both retinal and choroidal endothe-
lial cells to maintain the physiologic avascularity of the outer retina
(Buehler et al., 2013).Whether NRP2, a receptor for SEMA3F, is involved
in this process remains to be elucidated.
High concentrations of SEMA3A increase vascular leak in the skin of
adult mice via NRP1 (Acevedo et al., 2008). More recently, SEMA3Awas
also shown to induce vascular hyperpermeability in the CNS. SEMA3A
expression is upregulated in the neural retina during the early
hyperglycaemic phase of diabetes, when it instigates retinal vascular
leak via NRP1 (Fig. 2) (Cerani et al., 2013). SEMA3A also functions as a
vascular permeability factor in the mouse brain, where it contributes
to brain damage caused by cerebral ischemia (Hou et al., 2015). Based
on work with cultured brain endothelial cells, this study also suggested
that SEMA3A decreases endothelial barrier function through NRP2/
VEGFR1 receptor complexes, independently of NRP1 (Hou et al.,
2015). Therefore, the relative importance of NRP1 versus NRP2 for
SEMA3A-induced vascular hyperpermeability in the CNS remains to
be investigated further. In conclusion, SEMA3A appears to play pivotal
roles in the CNS vasculature in pathological settings, but not during
physiological CNS vascularisation.
As semaphorin signalling through NRP1 does not impair physiolog-
ical brain vascularisation, but loss of NRP1 from endothelial cells causes
vascular brain defects similar to those caused by loss of NRP1 in all cells,
it was originally proposed that the vascular phenotype of mice lacking
NRP1 in endothelial cells is explained by defective VEGF signalling
through NRP1 (Gu et al., 2003). Yet, Vegfa120/120 mice lacking heparin/
neuropilin binding VEGF isoforms have milder CNS vascular defects
than mice lacking NRP1 (Gerhardt et al., 2004; Ruhrberg et al., 2002).
Moreover, mice with a mutation in the VEGF-binding pocket that abro-
gates VEGF164 binding have milder defects in CNS angiogenesis than
Nrp1-null or endothelial-speciﬁc Nrp1-null mice (Fantin et al., 2014;
Gelfand et al., 2014). In particular, two different mouse mutants have
been generated that carry point mutations in the VEGF-binding domain
of NRP1, Y297A (Fantin et al., 2014) and D320K (Gelfand et al., 2014),
with the former also resulting in the downregulation of overall NRP1
levels. Whilst the hypomorphic Y297A mutation caused minor defects
in hindbrain vascular complexity, the D320K mutation did not affect
vascularisation of either the embryonic or the postnatal forebrain
(Fantin et al., 2014; Gelfand et al., 2014). However, both mutants
showed similarly reduced vascular extension and reduced artery/vein
formation in the retinal primary plexus (Fantin et al., 2014; Gelfand
et al., 2014), in agreement with the previously reported phenotype of
Vegfa120/120 mice that lack the NRP1-binding VEGF isoform VEGF164
(Stalmans et al., 2002).
Together, the observation of onlymild disruption of vessel growth in
VEGF-binding deﬁcient NRP1 mutants raises the possibility that NRP1
promotes CNS angiogenesis through additional, semaphorin- and
VEGF-independent signalling mechanisms. In agreement, we have
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signalling (Raimondi et al., 2014). In particular, we found that the ECM
component FN induces paxillin phosphorylation and actin remodelling
in cultured endothelial cells through a pathway that depends on the in-
teraction of NRP1 with the non-receptor tyrosine kinase ABL1 and the
small RHO-GTPase CDC42, two proteins that regulate actin cytoskeleton
remodelling (Fantin et al., 2015; Raimondi et al., 2014). We further
found that the NRP1-driven pathways via ABL1 and CDC42 are active
during retinal angiogenesis, when FN is deposited ahead of the vascular
front by astrocytes and around growing blood vessels. Thus, pharmaco-
logical inhibition of ABL kinases activity or CDC42 activation in the post-
natal retina perturbed vessel sprouting and branching similarly to the
genetic targeting of NRP1 in retinal endothelial cells (Fantin et al.,
2015; Raimondi et al., 2014). However, which speciﬁc ECMcomponents
bind NRP1 during angiogenesis remains to be identiﬁed. NRP1 has also
been implicated as an effector of notch activation tomodulate TGFb sig-
nalling for tip–stalk cell specialisation during retinal angiogenesis
(Aspalter et al., 2015).
SEMA3E is the only class 3 semaphorin that does not bind to a
neuropilin receptor, but instead binds directly to the plexin PLXND1
(Gu et al., 2005). In the developing mouse retinal vasculature, high
VEGF levels emanating from the avascular retinal periphery induce
PLXND1 expression in endothelial cells at the vascular front in a
VEGFR2-dependent manner (Kim et al., 2011). Loss of function studies
in the mouse further demonstrated that neuroretinal SEMA3E signals
to endothelial PLXND1 to upregulate DLL4 expression at the vascular
front, whereby the resulting increase in endothelial notch signalling im-
pairs the formation of tip cells and tip cell ﬁlopodia (Fig. 2) (Kim et al.,
2011). Even though SEMA3E does not directly bind to NRP1, NRP1 can
convert SEMA3E/PLXND1-mediated axonal repulsion into attraction in
CNS neurons (Chauvet et al., 2007). Whether similar mechanisms oper-
ate in endothelial cells tomodulate SEMA3E signalling is not known. Re-
markably, as observed for SEMA3A, the intravitreal administration of
SEMA3E can normalise VEGF-induced pathological vessel growth in
themouse model of OIR (Fukushima et al., 2011), raising the possibility
that SEMA3E could be used as a potential therapeutic tool to ﬁne tune
VEGF-induced vessel growth in the ischemic nervous system.
4.4. WNT signalling
A growing body of evidence implicates WNT signalling in vascular
development of the brain and retina. During canonical WNT signalling,
extracellular WNT proteins bind a 7-transmembrane (7-TM) receptor
of the frizzled (FZ) family, often referred to as the G protein-coupled re-
ceptor (GPCR) family. FZ receptors function together with a co-receptor
of the low-density lipoprotein receptor-related protein (LRP) family,
LRP5 or LRP6, to activate transcription via the cadherin-associated pro-
tein beta 1 (beta-catenin, CTNNB1). Speciﬁcally, the activated receptor
complex recruits dishevelled (DSH), which inhibits a destruction com-
plex that otherwise ubiquitinates cytoplasmic beta-catenin. When its
degradation is prevented, beta-catenin translocates to and accumulates
in the nucleus to regulate the transcription of WNT target genes. In the
CNS of developing mice, the genetic loss of WNT7B, in particular in the
context of additional WNT7A loss, or the vascular-speciﬁc loss of beta-
catenin reduce neural tube vascularisation (Fig. 1) (Daneman et al.,
2009; Stenman et al., 2008). Moreover, the vessels that do ingress are
dilated and haemorrhagic (Daneman et al., 2009; Stenman et al.,
2008).WNT signals from the neuroepithelium (Ma et al., 2013) also sta-
bilise the nascent BBB by promoting the expression of GLUT1 and tight
junction genes of the claudin family in vascular endothelium (Daneman
et al., 2009; Liebner et al., 2008; Stenman et al., 2008; Zhou et al., 2014).
In congenital Norrie disease, loss of the non-WNT FZ4 ligand norrin
impairs retinal vascularisation and thereby causes blindness; norrin ac-
tivates the beta-catenin pathway through its receptor FZ4 and LRP5,
akin to the canonical WNT signalling pathway (Fig. 2) (Xu et al.,
2004). A similar receptor complex operates in the neural tube, although,unlike in the retina, LRP6 can compensate for LRP5 (Fig. 2) (Wang et al.,
2012; Ye et al., 2009; Zhou et al., 2014). In genetically mosaic retinal
vessels, wild type endothelial cells initially protect Fz4−/− endothelial
cells, but the Fz4–/– endothelial cells are progressively eliminated
(Wang et al., 2012). This ﬁnding suggests a quality control mechanism
that removes endothelial cells defective in WNT signalling, perhaps to
protect BRB integrity (Wang et al., 2012). Effectors of this pathway
may include the receptors DR6 and TROY, because they are transcrip-
tional targets of beta catenin and required for both proper brain angio-
genesis and BBB formation (Tam et al., 2012). However, the ligand that
activates the DR6 and TROY receptors has not yet been identiﬁed.
4.5. Orphan 7-TM receptors
Other 7-TM receptors, whose endogenous ligands have not yet been
identiﬁed and are therefore commonly referred to as orphan GPCR pro-
teins, also promote CNS angiogenesis (Fig. 2). For example, it was re-
cently shown that the orphan 7-TM receptor GPR126 promotes
endothelial cell proliferation, migration and tube formation, as well as
mouse retinal angiogenesis, by stimulating VEGFR2 expression through
STAT5/GATA2-mediated transcription (Cui et al., 2014). GPR124 is an-
other orphan 7-TM receptor that is essential for proper neural tube vas-
cularisation (Anderson et al., 2011; Cullen et al., 2011; Kuhnert et al.,
2010). Global loss of GPR124 in mice delays blood vessel ingression
into the developing neural tube; moreover, vessels that eventually pop-
ulate the neural tube form abnormal glomeruloid tufts that are prone to
haemorrhages despite pericyte recruitment (Daneman et al., 2010;
Kuhnert et al., 2010). Conversely, gain-of-function experiments
demonstrated that endothelial GPR124 overexpression causes
hypervascularisation of the adult neocortex (Kuhnert et al., 2010).
GPR124 does not promote endothelial cell proliferation, but instead
enhances directional vessel sprouting towards unidentiﬁed forebrain-
derived signals in vitro by activating CDC42 to remodel the actin cyto-
skeleton (Kuhnert et al., 2010). Additionally, GPR124 may modulate
CNS angiogenesis by regulating DLL4, TGFb and/or WNT1 signalling
(Anderson et al., 2011). Amicroarray gene expression study of forebrain
endothelium indicated increased DLL4 expression and hyperactivation
of the TGFb pathway in Gpr124−/− mutants (Anderson et al., 2011),
and GPR124 was also reported to modulate TGFb1 signalling in
human umbilical vein endothelial cells (Nguyen et al., 2011). However,
it is not presently known if this cross-regulation is relevant to CNS vas-
cularisation in vivo. In contrast, the role of GPR124 as a coactivator of ca-
nonical WNT signalling has been examined in more detail for CNS
angiogenesis (Zhou and Nathans, 2014). GPR124 genetically interacts
with WNT7A and WNT7B and enhances WNT signalling through FZ1
or FZ4 together with LRP5 or LRP6 (Posokhova et al., 2015; Zhou and
Nathans, 2014). In agreement with an important role for GPR124 in
beta-catenin activation during CNS angiogenesis in vivo, loss of
GPR124 leads to a severelymalformed vasculature in themedial gangli-
onic eminence, and this defect could be rescued through forced
stabilisation of beta-catenin (Zhou and Nathans, 2014). In contrast,
norrin appears to be more important in canonical WNT signalling via
FZ4 and LRP5 in the hindbrain and spinal cord, explaining why hind-
brain angiogenesis is only mildly affected in Gpr124-null mutants.
Norrin is not expressed in the forebrain (Ye et al., 2011). Interestingly,
however, forced norrin expression in the forebrain can rescue angiogen-
esis defects in Gpr124−/−mutants (Zhou and Nathans, 2014), suggest-
ing that CNS vascular patterning relies on the correct spatiotemporal
expression pattern of these ligands, rather than a speciﬁc property of
WNT7A/B versus norrin signalling.
4.6. Other mechanisms
In addition to the molecules described in the previous sections, a
number of other signalling pathways dependent on neurovascular in-
teractions contribute to CNS angiogenesis. For example, various
33M. Tata et al. / Mechanisms of Development 138 (2015) 26–36integrins have been implicated in neurovascular cell adhesion during
brain and retinal angiogenesis (McCarty, 2009b). In particular, neurogli-
al expression of ITGAV and ITGB8 is required for both brain and retinal
angiogenesis, as well as vascular stability (Fig. 2) (Arnold et al., 2012;
Arnold et al., 2014; Hirota et al., 2011; McCarty et al., 2005, 2002; Zhu
et al., 2002).
In the developing mouse, angiopoietin 1 (ANG1) is abundantly
expressed in motor neurons at a time when its main receptor TIE2 is
expressed in endothelial cells within the neural tube (Fig. 2) (Nagase
et al., 2005). Furthermore, vessel sprouting from the PNVP into the
trunk neural tube is impaired in Tie2-null embryos (Sato et al., 1995),
and PNVP vessels are mispatterned in both Ang1 and Tie2 knockouts
(Sato et al., 1995; Suri et al., 1996). In the developing retina, ANG1 can
activate integrin signalling in astrocytes in a TIE2-independent fashion
to augment ﬁbronectin synthesis and enhance endothelial migration
along ﬁbronectin scaffolds (Lee et al., 2013). The alternative TIE2 ligand
angiopoietin 2 (ANG2) is not detected in the embryonic spinal cord
(Nagase et al., 2005). In contrast, ANG2 is constitutively expressed in
retinal neurons, blood vessels and pericytes after birth (Fig. 2)
(Hackett et al., 2000; Lee et al., 2013; Park et al., 2003) and regulates an-
giogenic remodelling and vascular regression in the postnatal eye. Thus,
the hyaloid vasculature does not regress after birth in Ang2 knockout
mice, resulting in a phenotype akin to that observed in infants with per-
sistent foetal vasculature (PFV); moreover, Ang2 deﬁcient mice showed
delayed and incomplete development of the superﬁcial vascular bed of
the retina (Gale et al., 2002). ANG2 also promotes retinal neovasculari-
zation, but not oxygen-induced vascular regression in the OIR model
(Hackett et al., 2002).
The vascularisation of the developing brain also requires hedgehog
signalling tomodulate angiogenic sprouting and subsequent BBB estab-
lishment. The pharmacological inhibition of sonic hedgehog (SHH) im-
pairs vessel ingression by blocking induction of motor neurons in the
neural tube (Nagase et al., 2005). As neural tube motor neurons secrete
the angiogenic factor ANG1, SHH signalling is indirectly required for
CNS angiogenesis by establishing the necessary neuronal populations
that guide sprouting vessels (Nagase et al., 2005). Furthermore, SHH
signalling stabilises the nascent BBB through two distinct, yet compli-
mentary mechanisms. First, hedgehog signalling from BBB-associated
astrocytes reduces vascular permeability by initiating junctional protein
expression in BBB endothelial cells (Alvarez et al., 2011). Secondly,
hedgehog signalling limits chemokine secretion from endothelium
and thus prevents the autoimmune attacks observed in some
neuroinﬂammatory conditions (Alvarez et al., 2011).
Soluble epoxide hydrolase in Muller glia converts docosahexenoic
acid into 19,20-dihydroxydocosapentaenoic acid, which inhibits γ-
secretase to suppress endothelial notch signalling (Fig. 2) (Hu et al.,
2014). This in turn enhances tip cell formation and ﬁlopodia extension
and therefore vascular growth in the postnatal retina (Hu et al., 2014).
The genetic, viral or antibody-based inhibition of NOGO-A dramatically
increased angiogenesis in the postnatal forebrain and retina, whichwas
explained by a role for neuron-derived NOGO-A in inducing the retrac-
tion of endothelial lamellipodia and ﬁlopodia (Fig. 2) (Walchli et al.,
2013). How these pathways cooperate with those described above
will undoubtedly be an important focus of future research for
neurovascular biologists.
5. Conclusions and unanswered questions
The cellular interactions andmolecular signals critical for CNS vascu-
larisation and the formation of the neurovascular unit are being eluci-
dated at an accelerating speed, and we are beginning to appreciate the
signiﬁcance of defective vascular development in the emergence of
CNS pathologies. Yet, it is likely that additional signalling mechanisms
and interactions remain to be identiﬁed before wewill fully understand
how the cross-talk of neural and vascular cells regulates blood vessel in-
gression into the CNS and the formation of a fully functional BBB.Ultimately, understanding these signalling pathways will reveal how a
defective neurovascular unit impacts on CNS function during aging
and in neurological disease. It will also beneﬁt the development of
new therapeutic strategies aimed at delivering drugs through the BBB,
as well as restoring or improving vascular supply to ischemic retina
and brain in diseases such as diabetic retinopathy, age-related neurode-
generation and stroke. In the mature brain, neuronal activity stimulates
changes in blood ﬂow that can be measured by fMRI, but how this ﬂow
information is sensed and leads to structural changes in blood vessels is
largely unknown and therefore requires further research. Finally, the
speciﬁc features of the tumourmicroenvironment that promote the dif-
ferentiation of tumour cells into endothelium, and the functional conse-
quence of this transdifferentiation for glioblastoma remain to be
determined.
Acknowledgements
This work was supported by a Wellcome Trust PhD studentship to
M.T. [096621/Z/11/Z] and a Wellcome Trust Investigator Award to C.R.
[095623/Z/11/Z].
References
Acevedo, L.M., Barillas, S., Weis, S.M., Gothert, J.R., Cheresh, D.A., 2008. Semaphorin 3A
suppresses VEGF-mediated angiogenesis yet acts as a vascular permeability factor.
Blood 111, 2674–2680.
Allinson, K.R., Lee, H.S., Fruttiger, M., McCarty, J., Arthur, H.M., 2012. Endothelial expres-
sion of TGFβ type II receptor is required to maintain vascular integrity during postna-
tal development of the central nervous system. PLoS ONE 7, e39336.
Alvarez, J.I., Dodelet-Devillers, A., Kebir, H., Ifergan, I., Fabre, P.J., Terouz, S., Sabbagh, M.,
Wosik, K., Bourbonniere, L., Bernard, M., van Horssen, J., de Vries, H.E., Charron, F.,
Prat, A., 2011. The Hedgehog pathway promotes blood–brain barrier integrity and
CNS immune quiescence. Science 334, 1727–1731.
Anderson, K.D., Pan, L., Yang, X.-m., Hughes, V.C., Walls, J.R., Dominguez, M.G., Simmons,
M.V., Burfeind, P., Xue, Y., Wei, Y., Macdonald, L.E., Thurston, G., Daly, C., Lin, H.C.,
Economides, A.N., Valenzuela, D.M., Murphy, A.J., Yancopoulos, G.D., Gale, N.W.,
2011. Angiogenic sprouting into neural tissue requires Gpr124, an orphan G
protein-coupled receptor. Proc. Natl. Acad. Sci. 108, 2807–2812.
Armulik, A., Genove, G., Mae, M., Nisancioglu, M.H., Wallgard, E., Niaudet, C., He, L., Norlin,
J., Lindblom, P., Strittmatter, K., Johansson, B.R., Betsholtz, C., 2010. Pericytes regulate
the blood–brain barrier. Nature 468, 557–561.
Arnold, T.D., Ferrero, G.M., Qiu, H., Phan, I.T., Akhurst, R.J., Huang, E.J., Reichardt, L.F., 2012.
Defective retinal vascular endothelial cell development as a consequence of impaired
integrin alphaVbeta8-mediated activation of transforming growth factor-b.
J. Neurosci. 32, 1197–1206.
Arnold, T.D., Niaudet, C., Pang, M.F., Siegenthaler, J., Gaengel, K., Jung, B., Ferrero, G.M.,
Mukouyama, Y.S., Fuxe, J., Akhurst, R., Betsholtz, C., Sheppard, D., Reichardt, L.F.,
2014. Excessive vascular sprouting underlies cerebral hemorrhage in mice lacking
alphaVbeta8-TGFbeta signaling in the brain. Development 141, 4489–4499.
Aspalter, I.M., Gordon, E., Dubrac, A., Ragab, A., Narloch, J., Vizan, P., Geudens, I., Collins,
R.T., Franco, C.A., Abrahams, C.L., Thurston, G., Fruttiger, M., Rosewell, I., Eichmann,
A., Gerhardt, H., 2015. Alk1 and Alk5 inhibition by Nrp1 controls vascular sprouting
downstream of Notch. Nat. Commun. 6, 7264.
Autiero, M., Waltenberger, J., Communi, D., Kranz, A., Moons, L., Lambrechts, D., Kroll, J.,
Plaisance, S., De Mol, M., Bono, F., Kliche, S., Fellbrich, G., Ballmer-Hofer, K.,
Maglione, D., Mayr-Beyrle, U., Dewerchin, M., Dombrowski, S., Stanimirovic, D., Van
Hummelen, P., Dehio, C., Hicklin, D.J., Persico, G., Herbert, J.M., Shibuya, M., Collen,
D., Conway, E.M., Carmeliet, P., 2003. Role of PlGF in the intra- and intermolecular
cross talk between the VEGF receptors Flt1 and Flk1. Nat. Med. 9, 936–943.
Benedito, R., Rocha, S.F., Woeste, M., Zamykal, M., Radtke, F., Casanovas, O., Duarte, A.,
Pytowski, B., Adams, R.H., 2012. Notch-dependent VEGFR3 upregulation allows an-
giogenesis without VEGF-VEGFR2 signalling. Nature 484, 110–114.
Bouvree, K., Brunet, I., Del Toro, R., Gordon, E., Prahst, C., Cristofaro, B., Mathivet, T., Xu, Y.,
Soueid, J., Fortuna, V., Miura, N., Aigrot, M.S., Maden, C.H., Ruhrberg, C., Thomas, J.L.,
Eichmann, A., 2012. Semaphorin3A, Neuropilin-1, and PlexinA1 are required for lym-
phatic valve formation. Circ. Res. 111, 437–445.
Buehler, A., Sitaras, N., Favret, S., Bucher, F., Berger, S., Pielen, A., Joyal, J.S., Juan, A.M.,
Martin, G., Schlunck, G., Agostini, H.T., Klagsbrun, M., Smith, L.E., Sapieha, P., Stahl,
A., 2013. Semaphorin 3F forms an anti-angiogenic barrier in outer retina. FEBS Lett.
587, 1650–1655.
Bussmann, J., Wolfe, S.A., Siekmann, A.F., 2011. Arterial-venous network formation during
brain vascularization involves hemodynamic regulation of chemokine signaling. De-
velopment 138, 1717–1726.
Caprara, C., Thiersch,M., Lange, C., Joly, S., Samardzija, M., Grimm, C., 2011. HIF1A is essen-
tial for the development of the intermediate plexus of the retinal vasculature. Invest.
Ophthalmol. Vis. Sci. 52, 2109–2117.
Cariboni, A., Davidson, K., Dozio, E., Memi, F., Schwarz, Q., Stossi, F., Parnavelas, J.G.,
Ruhrberg, C., 2011. VEGF signalling controls GnRH neuron survival via NRP1 indepen-
dently of KDR and blood vessels. Development 138, 3723–3733.
34 M. Tata et al. / Mechanisms of Development 138 (2015) 26–36Carmeliet, P., Tessier-Lavigne, M., 2005. Common mechanisms of nerve and blood vessel
wiring. Nature 436, 193–200.
Cerani, A., Tetreault, N., Menard, C., Lapalme, E., Patel, C., Sitaras, N., Beaudoin, F., Leboeuf,
D., De Guire, V., Binet, F., Dejda, A., Rezende, F.A., Miloudi, K., Sapieha, P., 2013.
Neuron-derived semaphorin 3A is an early inducer of vascular permeability in diabet-
ic retinopathy via neuropilin-1. Cell Metab. 18, 505–518.
Chauvet, S., Cohen, S., Yoshida, Y., Fekrane, L., Livet, J., Gayet, O., Segu, L., Buhot, M.C.,
Jessell, T.M., Henderson, C.E., Mann, F., 2007. Gating of Sema3E/PlexinD1 signaling
by neuropilin-1 switches axonal repulsion to attraction during brain development.
Neuron 56, 807–822.
Choi, J.H., Yang, Y.R., Lee, S.K., Kim, I.S., Ha, S.H., Kim, E.K., Bae, Y.S., Ryu, S.H., Suh, P.G.,
2007. Phospholipase C-gamma1 potentiates integrin-dependent cell spreading and
migration through Pyk2/paxillin activation. Cell. Signal. 19, 1784–1796.
Connor, K.M., Krah, N.M., Dennison, R.J., Aderman, C.M., Chen, J., Guerin, K.I., Sapieha, P.,
Stahl, A., Willett, K.L., Smith, L.E., 2009. Quantiﬁcation of oxygen-induced retinopathy
in the mouse: a model of vessel loss, vessel regrowth and pathological angiogenesis.
Nat. Protoc. 4, 1565–1573.
Cui, H., Wang, Y., Huang, H., Yu, W., Bai, M., Zhang, L., Bryan, B.A., Wang, Y., Luo, J., Li, D.,
Ma, Y., Liu, M., 2014. GPR126 regulates developmental and pathological angiogenesis
through modulation of VEGFR2 signaling. J. Biol. Chem. 289, 34871–34885.
Cullen, M., Elzarrad, M.K., Seaman, S., Zudaire, E., Stevens, J., Yang, M.Y., Li, X., Chaudhary,
A., Xu, L., Hilton, M.B., Logsdon, D., Hsiao, E., Stein, E.V., Cuttitta, F., Haines, D.C.,
Nagashima, K., Tessarollo, L., St. Croix, B., 2011. GPR124, an orphan G protein-
coupled receptor, is required for CNS-speciﬁc vascularization and establishment of
the blood–brain barrier. Proc. Natl. Acad. Sci. 108, 5759–5764.
Daneman, R., Agalliu, D., Zhou, L., Kuhnert, F., Kuo, C.J., Barres, B.A., 2009. Wnt/beta-
catenin signaling is required for CNS, but not non-CNS, angiogenesis. Proc. Natl.
Acad. Sci. 106, 641–646.
Daneman, R., Zhou, L., Kebede, A.A., Barres, B.A., 2010. Pericytes are required for blood–
brain barrier integrity during embryogenesis. Nature 468, 562–566.
De Schaepdrijver, L., Simoens, P., Lauwers, H., De Geest, J.P., 1989. Retinal vascular pat-
terns in domestic animals. Res. Vet. Sci. 47, 34–42.
Del Toro, R., Prahst, C., Mathivet, T., Siegfried, G., Kaminker, J.S., Larrivee, B., Breant,
C., Duarte, A., Takakura, N., Fukamizu, A., Penninger, J., Eichmann, A., 2010. Iden-
tiﬁcation and functional analysis of endothelial tip cell-enriched genes. Blood
116, 4025–4033.
Dumont, D.J., Jussila, L., Taipale, J., Lymboussaki, A., Mustonen, T., Pajusola, K., Breitman,
M., Alitalo, K., 1998. Cardiovascular failure in mouse embryos deﬁcient in VEGF
receptor-3. Science 282, 946–949.
Engelhardt, B., Liebner, S., 2014. Novel insights into the development and maintenance of
the blood–brain barrier. Cell Tissue Res. 355, 687–699.
Erskine, L., Reijntjes, S., Pratt, T., Denti, L., Schwarz, Q., Vieira, J.M., Alakakone, B., Shewan,
D., Ruhrberg, C., 2011. VEGF signaling through neuropilin 1 guides commissural axon
crossing at the optic chiasm. Neuron 70, 951–965.
Fan, J., Ponferrada, V.G., Sato, T., Vemaraju, S., Fruttiger, M., Gerhardt, H., Ferrara, N., Lang,
R.A., 2014. Crim1 maintains retinal vascular stability during development by regulat-
ing endothelial cell Vegfa autocrine signaling. Development 141, 448–459.
Fantin, A., Vieira, J.M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., Peri, F., Wilson, S.W.,
Ruhrberg, C., 2010. Tissue macrophages act as cellular chaperones for vascular anas-
tomosis downstream of VEGF-mediated endothelial tip cell induction. Blood 116,
829–840.
Fantin, A., Vieira, J.M., Plein, A., Maden, C.H., Ruhrberg, C., 2013. The embryonic mouse
hindbrain as a qualitative and quantitative model for studying the molecular and cel-
lular mechanisms of angiogenesis. Nat. Protoc. 8, 418–429.
Fantin, A., Herzog, B., Mahmoud,M., Yamaji, M., Plein, A., Denti, L., Ruhrberg, C., Zachary, I.,
2014. Neuropilin 1 (NRP1) hypomorphism combined with defective VEGF-A binding
reveals novel roles for NRP1 in developmental and pathological angiogenesis. Devel-
opment 141, 556–562.
Fantin, A., Lampropoulou, A., Gestri, G., Raimondi, C., Senatore, V., Zachary, I., Ruhrberg, C.,
2015. NRP1 regulates CDC42 activation to promote ﬁlopodia formation in endothelial
tip cells. Cell Rep. 11, 1577–1590.
Fong, G.H., Rossant, J., Gertsenstein, M., Breitman, M.L., 1995. Role of the Flt-1 receptor ty-
rosine kinase in regulating the assembly of vascular endothelium. Nature 376, 66–70.
Fruttiger, M., 2007. Development of the retinal vasculature. Angiogenesis 10, 77–88.
Fruttiger, M., Calver, A.R., Kruger, W.H., Mudhar, H.S., Michalovich, D., Takakura, N.,
Nishikawa, S., Richardson, W.D., 1996. PDGF mediates a neuron-astrocyte interaction
in the developing retina. Neuron 17, 1117–1131.
Fukushima, Y., Okada, M., Kataoka, H., Hirashima, M., Yoshida, Y., Mann, F., Gomi, F.,
Nishida, K., Nishikawa, S., Uemura, A., 2011. Sema3E-PlexinD1 signaling selectively
suppresses disoriented angiogenesis in ischemic retinopathy in mice. J. Clin. Invest.
121, 1974–1985.
Gale, N.W., Thurston, G., Hackett, S.F., Renard, R.,Wang, Q., McClain, J., Martin, C., Witte, C.,
Witte, M.H., Jackson, D., Suri, C., Campochiaro, P.A., Wiegand, S.J., Yancopoulos, G.D.,
2002. Angiopoietin-2 is required for postnatal angiogenesis and lymphatic pattern-
ing, and only the latter role is rescued by Angiopoietin-1. Dev. Cell 3, 411–423.
Gelfand, M.V., Hagan, N., Tata, A., Oh, W.J., Lacoste, B., Kang, K.T., Kopycinska, J., Bischoff, J.,
Wang, J.H., Gu, C., 2014. Neuropilin-1 functions as a VEGFR2 co-receptor to guide de-
velopmental angiogenesis independent of ligand binding. Elife 3, e03720.
Gerhardt, H., Betsholtz, C., 2003. Endothelial–pericyte interactions in angiogenesis. Cell
Tissue Res. 314, 15–23.
Gerhardt, H., Golding, M., Fruttiger, M., Ruhrberg, C., Lundkvist, A., Abramsson, A., Jeltsch,
M., Mitchell, C., Alitalo, K., Shima, D., Betsholtz, C., 2003. VEGF guides angiogenic
sprouting utilizing endothelial tip cell ﬁlopodia. J. Cell Biol. 161, 1163–1177.
Gerhardt, H., Ruhrberg, C., Abramsson, A., Fujisawa, H., Shima, D., Betsholtz, C., 2004.
Neuropilin-1 is required for endothelial tip cell guidance in the developing central
nervous system. Dev. Dyn. 231, 503–509.Geudens, I., Gerhardt, H., 2011. Coordinating cell behaviour during blood vessel forma-
tion. Development 138, 4569–4583.
Gu, C., Rodriguez, E.R., Reimert, D.V., Shu, T., Fritzsch, B., Richards, L.J., Kolodkin, A.L., Ginty,
D.D., 2003. Neuropilin-1 conveys semaphorin and VEGF signaling during neural and
cardiovascular development. Dev. Cell 5, 45–57.
Gu, C., Yoshida, Y., Livet, J., Reimert, D.V., Mann, F., Merte, J., Henderson, C.E., Jessell, T.M.,
Kolodkin, A.L., Ginty, D.D., 2005. Semaphorin 3E and plexin-D1 control vascular pat-
tern independently of neuropilins. Science 307, 265–268.
Hackett, S.F., Ozaki, H., Strauss, R.W., Wahlin, K., Suri, C., Maisonpierre, P., Yancopoulos, G.,
Campochiaro, P.A., 2000. Angiopoietin 2 expression in the retina: upregulation during
physiologic and pathologic neovascularization. J. Cell. Physiol. 184, 275–284.
Hackett, S.F., Wiegand, S., Yancopoulos, G., Campochiaro, P.A., 2002. Angiopoietin-2 plays
an important role in retinal angiogenesis. J. Cell. Physiol. 192, 182–187.
Haigh, J.J., Morelli, P.I., Gerhardt, H., Haigh, K., Tsien, J., Damert, A., Miquerol, L., Muhlner,
U., Klein, R., Ferrara, N., Wagner, E.F., Betsholtz, C., Nagy, A., 2003. Cortical and retinal
defects caused by dosage-dependent reductions in VEGF-A paracrine signaling. Dev.
Biol. 262, 225–241.
Hall, C.N., Reynell, C., Gesslein, B., Hamilton, N.B., Mishra, A., Sutherland, B.A., O'Farrell,
F.M., Buchan, A.M., Lauritzen, M., Attwell, D., 2014. Capillary pericytes regulate cere-
bral blood ﬂow in health and disease. Nature 508, 55–60.
Hellstrom, M., Phng, L.K., Gerhardt, H., 2007. VEGF and Notch signaling: the yin and yang
of angiogenic sprouting. Cell Adhes. Migr. 1, 133–136.
Heyman, I., Kent, A., Lumsden, A., 1993. Cellular morphology and extracellular space at
rhombomere boundaries in the chick embryo hindbrain. Dev. Dyn. 198, 241–253.
Heyman, I., Faissner, A., Lumsden, A., 1995. Cell andmatrix specialisations of rhombomere
boundaries. Dev. Dyn. 204, 301–315.
Hiratsuka, S., Minowa, O., Kuno, J., Noda, T., Shibuya, M., 1998. Flt-1 lacking the tyrosine
kinase domain is sufﬁcient for normal development and angiogenesis in mice. Proc.
Natl. Acad. Sci. U. S. A. 95, 9349–9354.
Hiratsuka, S., Nakao, K., Nakamura, K., Katsuki, M., Maru, Y., Shibuya, M., 2005. Membrane
ﬁxation of vascular endothelial growth factor receptor 1 ligand-binding domain is
important for vasculogenesis and angiogenesis in mice. Mol. Cell. Biol. 25, 346–354.
Hirota, S., Liu, Q., Lee, H.S., Hossain, M.G., Lacy-Hulbert, A., McCarty, J.H., 2011. The
astrocyte-expressed integrin alpha v beta 8 governs blood vessel sprouting in the de-
veloping retina. Development 138, 5157–5166.
Ho, V.C., Duan, L.J., Cronin, C., Liang, B.T., Fong, G.H., 2012. Elevated vascular endothelial
growth factor receptor-2 abundance contributes to increased angiogenesis in vascu-
lar endothelial growth factor receptor-1-deﬁcient mice. Circulation 126, 741–752.
Hou, S.T., Nilchi, L., Li, X., Gangaraju, S., Jiang, S.X., Aylsworth, A., Monette, R., Slinn, J., 2015.
Semaphorin3A elevates vascular permeability and contributes to cerebral ischemia-
induced brain damage. Sci. Rep. 5, 7890.
Houck, K.A., Leung, D.W., Rowland, A.M., Winer, J., Ferrara, N., 1992. Dual regulation of
vascular endothelial growth factor bioavailability by genetic and proteolytic mecha-
nisms. J. Biol. Chem. 267, 26031–26037.
Hu, J., Popp, R., Fromel, T., Ehling, M., Awwad, K., Adams, R.H., Hammes, H.P., Fleming, I.,
2014. Muller glia cells regulate Notch signaling and retinal angiogenesis via the gen-
eration of 19,20-dihydroxydocosapentaenoic acid. J. Exp. Med. 211, 281–295.
Jakobsson, L., Franco, C.A., Bentley, K., Collins, R.T., Ponsioen, B., Aspalter, I.M., Rosewell, I.,
Busse, M., Thurston, G., Medvinsky, A., Schulte-Merker, S., Gerhardt, H., 2010. Endo-
thelial cells dynamically compete for the tip cell position during angiogenic
sprouting. Nat. Cell Biol. 12, 943–953.
James, J.M., Gewolb, C., Bautch, V.L., 2009. Neurovascular development uses VEGF-A sig-
naling to regulate blood vessel ingression into the neural tube. Development 136,
833–841.
Joyal, J.S., Sitaras, N., Binet, F., Rivera, J.C., Stahl, A., Zaniolo, K., Shao, Z., Polosa, A., Zhu, T.,
Hamel, D., Djavari, M., Kunik, D., Honore, J.C., Picard, E., Zabeida, A., Varma, D.R.,
Hickson, G., Mancini, J., Klagsbrun, M., Costantino, S., Beausejour, C., Lachapelle, P.,
Smith, L.E., Chemtob, S., Sapieha, P., 2011. Ischemic neurons prevent vascular regen-
eration of neural tissue by secreting semaphorin 3A. Blood 117, 6024–6035.
Kawasaki, T., Kitsukawa, T., Bekku, Y., Matsuda, Y., Sanbo, M., Yagi, T., Fujisawa, H., 1999. A
requirement for neuropilin-1 in embryonic vessel formation. Development 126,
4895–4902.
Kearney, J.B., Kappas, N.C., Ellerstrom, C., DiPaola, F.W., Bautch, V.L., 2004. The VEGF recep-
tor ﬂt-1 (VEGFR-1) is a positive modulator of vascular sprout formation and
branching morphogenesis. Blood 103, 4527–4535.
Kim, J., Oh, W.J., Gaiano, N., Yoshida, Y., Gu, C., 2011. Semaphorin 3E-Plexin-D1 signaling
regulates VEGF function in developmental angiogenesis via a feedback mechanism.
Genes Dev. 25, 1399–1411.
Kim, J.D., Kang, H., Larrivee, B., Lee, M.Y., Mettlen, M., Schmid, S.L., Roman, B.L., Qyang, Y.,
Eichmann, A., Jin, S.W., 2012. Context-dependent proangiogenic function of bone
morphogenetic protein signaling is mediated by disabled homolog 2. Dev. Cell 23,
441–448.
Koch, S., Tugues, S., Li, X., Gualandi, L., Claesson-Welsh, L., 2011. Signal transduction by
vascular endothelial growth factor receptors. Biochem. J. 437, 169–183.
Kubota, Y., Takubo, K., Shimizu, T., Ohno, H., Kishi, K., Shibuya, M., Saya, H., Suda, T., 2009.
M-CSF inhibition selectively targets pathological angiogenesis and
lymphangiogenesis. J. Exp. Med. 206, 1089–1102.
Kuhnert, F., Mancuso, M.R., Shamloo, A., Wang, H.-T., Choksi, V., Florek, M., Su, H.,
Fruttiger, M., Young, W.L., Heilshorn, S.C., Kuo, C.J., 2010. Essential regulation of CNS
angiogenesis by the orphan G protein-coupled receptor GPR124. Science 330,
985–989.
Lang, R.A., Bishop, J.M., 1993. Macrophages are required for cell death and tissue remod-
eling in the developing mouse eye. Cell 74, 453–462.
Larrivee, B., Prahst, C., Gordon, E., del Toro, R., Mathivet, T., Duarte, A., Simons, M.,
Eichmann, A., 2012. ALK1 signaling inhibits angiogenesis by cooperating with the
Notch pathway. Dev. Cell 22, 489–500.
35M. Tata et al. / Mechanisms of Development 138 (2015) 26–36Lee, S., Jilani, S.M., Nikolova, G.V., Carpizo, D., Iruela-Arispe, M.L., 2005. Processing of
VEGF-A by matrix metalloproteinases regulates bioavailability and vascular pattern-
ing in tumors. J. Cell Biol. 169, 681–691.
Lee, J., Kim, K.E., Choi, D.K., Jang, J.Y., Jung, J.J., Kiyonari, H., Shioi, G., Chang, W., Suda, T.,
Mochizuki, N., Nakaoka, Y., Komuro, I., Yoo, O.J., Koh, G.Y., 2013. Angiopoietin-1
guides directional angiogenesis through integrin alphavbeta5 signaling for recovery
of ischemic retinopathy. Sci. Transl. Med. 5, 203ra127.
Leslie, J.D., Ariza-McNaughton, L., Bermange, A.L., McAdow, R., Johnson, S.L., Lewis, J.,
2007. Endothelial signalling by the Notch ligand Delta-like 4 restricts angiogenesis.
Development 134, 839–844.
Li, F., Lan, Y., Wang, Y., Wang, J., Yang, G., Meng, F., Han, H., Meng, A., Wang, Y., Yang, X.,
2011. Endothelial Smad4 maintains cerebrovascular integrity by activating N-
cadherin through cooperation with Notch. Dev. Cell 20, 291–302.
Li, S., Haigh, K., Haigh, J.J., Vasudevan, A., 2013. Endothelial VEGF sculpts cortical
cytoarchitecture. J. Neurosci. 33, 14809–14815.
Liebner, S., Corada, M., Bangsow, T., Babbage, J., Taddei, A., Czupalla, C.J., Reis, M., Felici, A.,
Wolburg, H., Fruttiger, M., Taketo, M.M., von Melchner, H., Plate, K.H., Gerhardt, H.,
Dejana, E., 2008. Wnt/beta-catenin signaling controls development of the blood–
brain barrier. J. Cell Biol. 183, 409–417.
Ling, T.L., Stone, J., 1988. The development of astrocytes in the cat retina: evidence of mi-
gration from the optic nerve. Brain Res. 44, 73–85.
Lobov, I.B., Rao, S., Carroll, T.J., Vallance, J.E., Ito, M., Ondr, J.K., Kurup, S., Glass, D.A., Patel,
M.S., Shu, W., Morrisey, E.E., McMahon, A.P., Karsenty, G., Lang, R.A., 2005. WNT7b
mediates macrophage-induced programmed cell death in patterning of the vascula-
ture. Nature 437, 417–421.
Lok, J., Gupta, P., Guo, S., Kim, W.J., Whalen, M.J., van Leyen, K., Lo, E.H., 2007. Cell–cell sig-
naling in the neurovascular unit. Neurochem. Res. 32, 2032–2045.
Ma, S., Kwon, H.J., Johng, H., Zang, K., Huang, Z., 2013. Radial glial neural progenitors reg-
ulate nascent brain vascular network stabilization via inhibition of Wnt signaling.
PLoS Biol. 11, e1001469.
McCarty, J.H., 2009a. Cell adhesion and signaling networks in brain neurovascular units.
Curr. Opin. Hematol. 16, 209–214.
McCarty, J.H., 2009b. Integrin-mediated regulation of neurovascular development, physi-
ology and disease. Cell Adhes. Migr. 3, 211–215.
McCarty, J.H., Monahan-Earley, R.A., Brown, L.F., Keller, M., Gerhardt, H., Rubin, K., Shani,
M., Dvorak, H.F., Wolburg, H., Bader, B.L., Dvorak, A.M., Hynes, R.O., 2002. Defective
associations between blood vessels and brain parenchyma lead to cerebral hemor-
rhage in mice lacking alphav integrins. Mol. Cell. Biol. 22, 7667–7677.
McCarty, J.H., Lacy-Hulbert, A., Charest, A., Bronson, R.T., Crowley, D., Housman, D., Savill,
J., Roes, J., Hynes, R.O., 2005. Selective ablation of alphav integrins in the central ner-
vous system leads to cerebral hemorrhage, seizures, axonal degeneration and prema-
ture death. Development 132, 165–176.
Moya, I.M., Umans, L., Maas, E., Pereira, P.N., Beets, K., Francis, A., Sents, W., Robertson, E.J.,
Mummery, C.L., Huylebroeck, D., Zwijsen, A., 2012. Stalk cell phenotype depends on
integration of Notch and Smad1/5 signaling cascades. Dev. Cell 22, 501–514.
Nagase, T., Nagase, M., Yoshimura, K., Fujita, T., Koshima, I., 2005. Angiogenesis within the
developing mouse neural tube is dependent on sonic hedgehog signaling: possible
roles of motor neurons. Genes Cells 10, 595–604.
Nakamura-Ishizu, A., Kurihara, T., Okuno, Y., Ozawa, Y., Kishi, K., Goda, N., Tsubota, K.,
Okano, H., Suda, T., Kubota, Y., 2012. The formation of an angiogenic astrocyte tem-
plate is regulated by the neuroretina in a HIF-1-dependent manner. Dev. Biol. 363,
106–114.
Nguyen, H.-L., Lee, Y.J., Shin, J., Lee, E., Park, S.O., McCarty, J.H., Oh, S.P., 2011. TGF-[beta]
signaling in endothelial cells, but not neuroepithelial cells, is essential for cerebral
vascular development. Lab. Investig. 91, 1554–1563.
Okabe, K., Kobayashi, S., Yamada, T., Kurihara, T., Tai-Nagara, I., Miyamoto, T.,
Mukouyama, Y.S., Sato, T.N., Suda, T., Ema, M., Kubota, Y., 2014. Neurons limit angio-
genesis by titrating VEGF in retina. Cell 159, 584–596.
Olsson, A.K., Dimberg, A., Kreuger, J., Claesson-Welsh, L., 2006. VEGF receptor signalling—
in control of vascular function. Nat. Rev. Mol. Cell Biol. 7, 359–371.
Park, J.E., Keller, G.A., Ferrara, N., 1993. The vascular endothelial growth factor
(VEGF) isoforms: differential deposition into the subepithelial extracellular ma-
trix and bioactivity of extracellular matrix-bound VEGF. Mol. Biol. Cell 4,
1317–1326.
Park, Y.S., Kim, N.H., Jo, I., 2003. Hypoxia and vascular endothelial growth factor acutely
up-regulate angiopoietin-1 and Tie2 mRNA in bovine retinal pericytes. Microvasc.
Res. 65, 125–131.
Parker, M.W., Xu, P., Li, X., Vander Kooi, C.W., 2012. Structural basis for selective vascular
endothelial growth factor-A (VEGF-A) binding to neuropilin-1. J. Biol. Chem. 287,
11082–11089.
Pitulescu, M.E., Schmidt, I., Benedito, R., Adams, R.H., 2010. Inducible gene targeting in the
neonatal vasculature and analysis of retinal angiogenesis in mice. Nat. Protoc. 5,
1518–1534.
Posokhova, E., Shukla, A., Seaman, S., Volate, S., Hilton, M.B.,Wu, B., Morris, H., Swing, D.A.,
Zhou, M., Zudaire, E., Rubin, J.S., St Croix, B., 2015. GPR124 functions as a WNT7-
speciﬁc coactivator of canonical beta-catenin signaling. Cell Rep. 10, 123–130.
Provis, J.M., Leech, J., Diaz, C.M., Penfold, P.L., Stone, J., Keshet, E., 1997. Development of
the human retinal vasculature: cellular relations and VEGF expression. Exp. Eye Res.
65, 555–568.
Raab, S., Beck, H., Gaumann, A., Yuce, A., Gerber, H.P., Plate, K., Hammes, H.P., Ferrara, N.,
Breier, G., 2004. Impaired brain angiogenesis and neuronal apoptosis induced by con-
ditional homozygous inactivation of vascular endothelial growth factor. Thromb.
Haemost. 91, 595–605.
Raimondi, C., Fantin, A., Lampropoulou, A., Denti, L., Chikh, A., Ruhrberg, C., 2014. Imatinib
inhibits VEGF-independent angiogenesis by targeting neuropilin 1-dependent ABL1
activation in endothelial cells. J. Exp. Med. 211, 1167–1183.Rattner, A., Wang, Y., Zhou, Y., Williams, J., Nathans, J., 2014. The role of the hypoxia re-
sponse in shaping retinal vascular development in the absence of Norrin/Frizzled4
signaling. Invest. Ophthalmol. Vis. Sci. 55, 8614–8625.
Ruhrberg, C., Bautch, V.L., 2013. Neurovascular development and links to disease. Cell.
Mol. Life Sci. 70, 1675–1684.
Ruhrberg, C., Gerhardt, H., Golding, M., Watson, R., Ioannidou, S., Fujisawa, H., Betsholtz,
C., Shima, D.T., 2002. Spatially restricted patterning cues provided by heparin-
binding VEGF-A control blood vessel branching morphogenesis. Genes Dev. 16,
2684–2698.
Rymo, S.F., Gerhardt, H., Wolfhagen Sand, F., Lang, R., Uv, A., Betsholtz, C., 2011. A two-
way communication between microglial cells and angiogenic sprouts regulates an-
giogenesis in aortic ring cultures. PLoS ONE 6, e15846.
Saint-Geniez, M., D'Amore, P.A., 2004. Development and pathology of the hyaloid, choroi-
dal and retinal vasculature. Int. J. Dev. Biol. 48, 1045–1058.
Sapieha, P., Sirinyan, M., Hamel, D., Zaniolo, K., Joyal, J.S., Cho, J.H., Honore, J.C.,
Kermorvant-Duchemin, E., Varma, D.R., Tremblay, S., Leduc, M., Rihakova, L., Hardy,
P., Klein, W.H., Mu, X., Mamer, O., Lachapelle, P., Di Polo, A., Beausejour, C.,
Andelﬁnger, G., Mitchell, G., Sennlaub, F., Chemtob, S., 2008. The succinate receptor
GPR91 in neurons has a major role in retinal angiogenesis. Nat. Med. 14, 1067–1076.
Sato, T.N., Tozawa, Y., Deutsch, U., Wolburg-Buchholz, K., Fujiwara, Y., Gendron-Maguire,
M., Gridley, T., Wolburg, H., Risau, W., Qin, Y., 1995. Distinct roles of the receptor ty-
rosine kinases Tie-1 and Tie-2 in blood vessel formation. Nature 376, 70–74.
Schinkel, A.H., 1997. The physiological function of drug-transporting P-glycoproteins.
Semin. Cancer Biol. 8, 161–170.
Schmidt, T., Carmeliet, P., 2010. Blood-vessel formation: bridges that guide and unite.
Nature 465, 697–699.
Schwarz, Q., Ruhrberg, C., 2010. Neuropilin, you gotta let me know: should I stay or
should I go? Cell Adhes. Migr. 4, 61–66.
Scott, A., Powner, M.B., Gandhi, P., Clarkin, C., Gutmann, D.H., Johnson, R.S., Ferrara, N.,
Fruttiger, M., 2010. Astrocyte-derived vascular endothelial growth factor stabilizes
vessels in the developing retinal vasculature. PLoS ONE 5, e11863.
Seidner, G., Alvarez, M.G., Yeh, J.I., O'Driscoll, K.R., Klepper, J., Stump, T.S., Wang, D.,
Spinner, N.B., Birnbaum, M.J., De Vivo, D.C., 1998. GLUT-1 deﬁciency syndrome
caused by haploinsufﬁciency of the blood–brain barrier hexose carrier. Nat. Genet.
18, 188–191.
Smith, L.E., Wesolowski, E., McLellan, A., Kostyk, S.K., D'Amato, R., Sullivan, R., D'Amore,
P.A., 1994. Oxygen-induced retinopathy in the mouse. Invest. Ophthalmol. Vis. Sci.
35, 101–111.
Stalmans, I., Ng, Y.S., Rohan, R., Fruttiger, M., Bouche, A., Yuce, A., Fujisawa, H., Hermans,
B., Shani, M., Jansen, S., Hicklin, D., Anderson, D.J., Gardiner, T., Hammes, H.P.,
Moons, L., Dewerchin, M., Collen, D., Carmeliet, P., D'Amore, P.A., 2002. Arteriolar
and venular patterning in retinas of mice selectively expressing VEGF isoforms.
J. Clin. Invest. 109, 327–336.
Stefater III, J.A., Lewkowich, I., Rao, S., Mariggi, G., Carpenter, A.C., Burr, A.R., Fan, J., Ajima,
R., Molkentin, J.D., Williams, B.O., Wills-Karp, M., Pollard, J.W., Yamaguchi, T., Ferrara,
N., Gerhardt, H., Lang, R.A., 2011. Regulation of angiogenesis by a non-canonical Wnt–
Flt1 pathway in myeloid cells. Nature 474, 511–515.
Stenman, J.M., Rajagopal, J., Carroll, T.J., Ishibashi, M., McMahon, J., McMahon, A.P., 2008.
Canonical Wnt signaling regulates organ-speciﬁc assembly and differentiation of
CNS vasculature. Science 322, 1247–1250.
Stenzel, D., Lundkvist, A., Sauvaget, D., Busse, M., Graupera, M., van der Flier, A., Wijelath,
E.S., Murray, J., Sobel, M., Costell, M., Takahashi, S., Fassler, R., Yamaguchi, Y.,
Gutmann, D.H., Hynes, R.O., Gerhardt, H., 2011. Integrin-dependent and
-independent functions of astrocytic ﬁbronectin in retinal angiogenesis. Develop-
ment 138, 4451–4463.
Stone, J., Itin, A., Alon, T., Pe'er, J., Gnessin, H., Chan-Ling, T., Keshet, E., 1995. Development
of retinal vasculature is mediated by hypoxia-induced vascular endothelial growth
factor (VEGF) expression by neuroglia. J. Neurosci. 15, 4738–4747.
Strasser, G.A., Kaminker, J.S., Tessier-Lavigne, M., 2010. Microarray analysis of retinal en-
dothelial tip cells identiﬁes CXCR4 as a mediator of tip cell morphology and
branching. Blood 115, 5102–5110.
Suchting, S., Freitas, C., le Noble, F., Benedito, R., Breant, C., Duarte, A., Eichmann, A., 2007.
The Notch ligand Delta-like 4 negatively regulates endothelial tip cell formation and
vessel branching. Proc. Natl. Acad. Sci. U. S. A. 104, 3225–3230.
Suri, C., Jones, P.F., Patan, S., Bartunkova, S., Maisonpierre, P.C., Davis, S., Sato, T.N.,
Yancopoulos, G.D., 1996. Requisite role of angiopoietin-1, a ligand for the TIE2 recep-
tor, during embryonic angiogenesis. Cell 87, 1171–1180.
Tam, S.J., Richmond, D.L., Kaminker, J.S., Modrusan, Z., Martin-McNulty, B., Cao, T.C.,
Weimer, R.M., Carano, R.A.D., van†Bruggen, N., Watts, R.J., 2012. Death receptors
DR6 and TROY regulate brain vascular development. Dev. Cell 22, 403–417.
Tammela, T., Zarkada, G., Wallgard, E., Murtomaki, A., Suchting, S., Wirzenius, M., Waltari,
M., Hellstrom, M., Schomber, T., Peltonen, R., Freitas, C., Duarte, A., Isoniemi, H.,
Laakkonen, P., Christofori, G., Yla-Herttuala, S., Shibuya, M., Pytowski, B., Eichmann,
A., Betsholtz, C., Alitalo, K., 2008. Blocking VEGFR-3 suppresses angiogenic sprouting
and vascular network formation. Nature 454, 656–660.
Tammela, T., Zarkada, G., Nurmi, H., Jakobsson, L., Heinolainen, K., Tvorogov, D., Zheng,W.,
Franco, C.A., Murtomaki, A., Aranda, E., Miura, N., Yla-Herttuala, S., Fruttiger, M.,
Makinen, T., Eichmann, A., Pollard, J.W., Gerhardt, H., Alitalo, K., 2011. VEGFR-3 con-
trols tip to stalk conversion at vessel fusion sites by reinforcing Notch signalling. Nat.
Cell Biol. 13, 1202–1213.
Terasaki, T., Ohtsuki, S., 2005. Brain-to-blood transporters for endogenous substrates and
xenobiotics at the blood–brain barrier: an overview of biology and methodology.
NeuroRx 2, 63–72.
Tillo, M., Erskine, L., Cariboni, A., Fantin, A., Joyce, A., Denti, L., Ruhrberg, C., 2015. VEGF189
binds NRP1 and is sufﬁcient for VEGF/NRP1-dependent neuronal patterning in the
developing brain. Development 142, 314–319.
36 M. Tata et al. / Mechanisms of Development 138 (2015) 26–36Ulrich, F., Ma, L.-H., Baker, R.G., Torres-Vazquez, J., 2011. Neurovascular development in
the embryonic zebraﬁsh hindbrain. Dev. Biol. 357, 134–151.
Umans, R.A., Taylor, M.R., 2012. Zebraﬁsh as a model to study drug transporters at the
blood–brain barrier. Clin. Pharmacol. Ther. 92, 567–570.
Vasudevan, A., Long, J., Crandell, J., Rubenstein, J., Bhide, P., 2008. Compartment-speciﬁc
transcription factors orchestrate angiogenesis gradients in the embryonic brain.
Nat. Neurosci. 11, 429–431.
Vieira, J.M., Schwarz, Q., Ruhrberg, C., 2007. Selective requirements for NRP1 ligands dur-
ing neurovascular patterning. Development 134, 1833–1843.
Walchli, T., Pernet, V., Weinmann, O., Shiu, J.Y., Guzik-Kornacka, A., Decrey, G., Yuksel, D.,
Schneider, H., Vogel, J., Ingber, D.E., Vogel, V., Frei, K., Schwab, M.E., 2013. Nogo-A is a
negative regulator of CNS angiogenesis. Proc. Natl. Acad. Sci. U. S. A. 110, E1943–E1952.
Walchli, T., Mateos, J.M., Weinman, O., Babic, D., Regli, L., Hoerstrup, S.P., Gerhardt, H.,
Schwab, M.E., Vogel, J., 2015. Quantitative assessment of angiogenesis, perfused
blood vessels and endothelial tip cells in the postnatal mouse brain. Nat. Protoc. 10,
53–74.
Wang, Y., Rattner, A., Zhou, Y., Williams, J., Smallwood, P.M., Nathans, J., 2012. Norrin/
Frizzled4 signaling in retinal vascular development and blood brain barrier plastic-
ity. Cell 151, 1332–1344.
Weidemann, A., Krohne, T.U., Aguilar, E., Kurihara, T., Takeda, N., Dorrell, M.I., Simon, M.C.,
Haase, V.H., Friedlander, M., Johnson, R.S., 2010. Astrocyte hypoxic response is essen-
tial for pathological but not developmental angiogenesis of the retina. Glia 58,
1177–1185.
West, H., Richardson, W.D., Fruttiger, M., 2005. Stabilization of the retinal vascular net-
work by reciprocal feedback between blood vessels and astrocytes. Development
132, 1855–1862.Wiley, D.M., Kim, J.D., Hao, J., Hong, C.C., Bautch, V.L., Jin, S.W., 2011. Distinct signalling
pathways regulate sprouting angiogenesis from the dorsal aorta and the axial vein.
Nat. Cell Biol. 13, 686–692.
Xu, Q., Wang, Y., Dabdoub, A., Smallwood, P.M., Williams, J., Woods, C., Kelley, M.W., Jiang,
L., Tasman, W., Zhang, K., Nathans, J., 2004. Vascular development in the retina and
inner ear: control by Norrin and Frizzled-4, a high-afﬁnity ligand–receptor pair. Cell
116, 883–895.
Ye, X., Wang, Y., Cahill, H., Yu, M., Badea, T.C., Smallwood, P.M., Peachey, N.S., Nathans, J.,
2009. Norrin, frizzled-4, and Lrp5 signaling in endothelial cells controls a genetic pro-
gram for retinal vascularization. Cell 139, 285–298.
Ye, X., Smallwood, P., Nathans, J., 2011. Expression of the Norrie disease gene (Ndp) in de-
veloping and adult mouse eye, ear, and brain. Gene Expr. Patterns 11, 151–155.
Yu, W., Bai, Y., Han, N., Wang, F., Zhao, M., Huang, L., Li, X., 2013. Inhibition of pathological
retinal neovascularization by semaphorin 3A. Mol. Vis. 19, 1397–1405.
Zarkada, G., Heinolainen, K., Makinen, T., Kubota, Y., Alitalo, K., 2015. VEGFR3 does not
sustain retinal angiogenesis without VEGFR2. Proc. Natl. Acad. Sci. U. S. A. 112,
761–766.
Zhou, Y., Nathans, J., 2014. Gpr124 controls CNS angiogenesis and blood–brain barrier in-
tegrity by promoting ligand-speciﬁc canonical wnt signaling. Dev. Cell 31, 248–256.
Zhou, Y., Wang, Y., Tischﬁeld, M., Williams, J., Smallwood, P.M., Rattner, A., Taketo, M.M.,
Nathans, J., 2014. Canonical WNT signaling components in vascular development and
barrier formation. J. Clin. Invest. 124, 3825–3846.
Zhu, J., Motejlek, K., Wang, D., Zang, K., Schmidt, A., Reichardt, L.F., 2002. β8 integrins
are required for vascular morphogenesis in mouse embryos. Development 129,
2891–2903.
